Accumulating evidence suggests that agricultural production could be greatly affected by climate change, but there remains little quantitative understanding of how these agricultural impacts would affect economic livelihoods in poor countries. Here we consider three scenarios of agricultural impacts of climate change by 2030 (impacts resulting in low, medium, or high productivity) and evaluate the resulting changes in global commodity prices, national economic welfare, and the incidence of poverty in a set of 15 developing countries. Although the small price changes under the medium scenario are consistent with previous findings, we find the potential for much larger food price changes than reported in recent studies which have largely focused on the most likely outcomes. In our low productivity scenario, prices for major staples rise 10-60% by 2030. The poverty impacts of these price changes depend as much on where impoverished households earn their income as on the agricultural impacts themselves, with poverty rates in some non-agricultural household groups rising by 20-50% in parts of Africa and Asia under these price changes, and falling by equal amounts for agriculture-specialized households elsewhere in Asia and Latin America. The potential for such large distributional effects within and across countries emphasizes the importance of looking beyond central case climate shocks and beyond a simple focus on yields -or highly aggregated poverty impacts.
Introduction
The recent IPCC report confirmed that global climate change is real, that it is occurring rapidly, and that roughly 1˚C of warming is expected globally by 2030 regardless of what happens to emissions of greenhouse gases . Accumulating evidence suggests that even this seemingly small amount of warming could have profound implications for human enterprise, and a thorough understanding of these potential impacts is central to planning appropriate responses (Parry et al., 2007) .
Agriculture is one of the human activities most dependent on climate, and as a result it is one of the sectors where climate change impacts are expected to hit hardest. Despite a growing body of research on the subject, however, there remains significant uncertainty as to the nature and timing of the climate impacts on agriculture, as well as the implications of these agricultural impacts for human livelihoods around the world Tubiello, 2007, Easterling et al., 2007) . Most existing research has focused on the likely direct climate impacts on crop yields and agricultural output (Funk et al., 2008 , but direct crop impacts in a given area provide only partial understanding of the consequences for human livelihoods. This is both because countries -and hence production systems -are interconnected through trade, but also because different households are affected by these price changes in different ways. For instance, households selling their surplus production in local markets could benefit if climate change causes food prices to rise, even as their non-farming neighbors are hurt by higher prices.
Unfortunately, the few studies that do attempt to quantify livelihood impacts typically rely on coarse country-or regional-level aggregations for their economic analysis, and so are unable to either resolve these potential distributional effects or shed light on the various mechanisms that might produce them Parry, 1994, Fischer et al., 2005) .
Furthermore, these studies' estimates of agricultural impacts do not always span the plausible range of impacts suggested by recent research, and the mechanics of their modeling framework are not always transparent, providing little insight into the uncertainty associated with estimated impacts. As a result, existing work gives little guidance to decision-makers who need to know which groups in particular will gain or lose, the reasons why this will happen, and the degree of certainty associated with these estimates.
Here we use disaggregated data on household economic activity within individual countries, and embed these data within a well-documented global trade model (the Global Trade Analysis Project (GTAP) general equilibrium model) to explore how changes in agricultural productivity as a result of climate change will affect poverty in poor countries (see Methods). In particular, we explore the various pathways by which climate change might affect agricultural incomes and food prices, and the resultant effects of these changes on the welfare of low income households engaged in the full range of economic activities in developing countries.
Materials and Methods

GTAP Model
To estimate the impacts of agricultural productivity shocks on poverty, we use the Global Trade Analysis Project (GTAP) general equilibrium global trade model and its accompanying data base and recently developed poverty modules (Dimaranan, 2006 , Hertel, 1997 , Hertel et al., 2007 . GTAP is a widely-used, comparative static, general equilibrium model which exhaustively tracks bilateral trade flows between all countries in the world, and explicitly models the consumption and production for all commodities of each national economy. Producers are assumed to maximize profits, while consumers maximize utility. Factor market clearing requires that supply equal demand for agricultural and non-agricultural skilled and unskilled labor and capital, natural resources and agricultural land, and adjustments in each of these markets in response to the climate change shocks determines the resulting wage and rental rate impacts.
(See Appendix A for more detail.) Although GTAP could be used to look at impacts of climate-induced productivity shocks in any sector of the economy, this paper focuses on productivity shocks in agriculture given its particular sensitivity to climate change as well as the sector's important role in poverty determination. The model allows us to trace the aggregate effects of these shocks on the macro economy, and to understand how the shocks are transmitted to households living near the poverty line. To explore these poverty impacts, we stratify households within countries by their primary source of income. Following (Hertel et al., 2004) , we identify 5 household groupings that earn >95% of their income from one source: agricultural self-employment, non-agricultural self-employment, rural wage labor, urban wage labor, or transfer payments (such as remittances or government aid). The remaining households not categorized in these 5 strata are grouped as rural diversified or urban diversified. The concentration of poverty in each of these strata can differ widely from country to country, for instance with Malawi having nearly half of its poor in agricultural self-employed households, and Colombia near half its poor in non-agricultural selfemployed households (See Figure 1) . These poverty shares, coupled with data on earnings and consumption shares, as well as poverty-income elasticities, permit us to predict changes in poverty headcount by stratum, given the price and earnings changes produced by the GTAP Model.
Productivity shocks
Productivity shocks in agriculture due to climate change between 2000 and 2030 were prescribed based on a synthesis of values from the literature for the GTAP regions and six commodities (rice, wheat, coarse grains, oilseeds, cotton, and other crops) (see Appendix B for specified yield shocks and list of references used to compile these shocks). A "most likely" or "central-case" estimate was made for each region/commodity pair, along with an estimate of "low-productivity" and "high-productivity" outcomes. The low productivity scenario depicts a world with rapid temperature change, high sensitivity of crops to warming, and a CO 2 fertilization effect at the lower end of published estimates. The high productivity scenario represents a world with relatively slow warming, low sensitivity of crops to climate change, and high CO 2 fertilization. These estimates are intended to bracket a range of plausible outcomes, and can be thought of as the 5 th and 95 th percentile values in a distribution of potential yield impacts. Specifically, for each crop-region, we selected values for optimistic and pessimistic climate projections from , optimistic and pessimistic crop sensitivities from studies within each region (see reference list in Appendix B), and optimistic and pessimistic CO2 fertilization effects from . For an example at the global scale, see .
The magnitude and geographic patterns of yield impacts in the central-case are consistent with previous impact syntheses , Easterling et al., 2007 ), but we rely on our own estimates because (i) they include more recent studies not considered in previous syntheses and
(ii) they allow for consistency across the three scenarios, whereas most other studies provide only a central or "consensus" estimate but do not estimate the tails of the distributions.
When no information was found for a specific region or commodity, we used the value from a neighboring region or similar crop. For example, few studies were found for cotton, and in these cases we used similar values as for rice. Sugarcane was assumed to have zero response throughout the analysis, given that the few available studies of sugarcane show small net impacts of climate and CO2 changes.
Estimates were made without consideration of adaptations that may reduce negative or enhance positive outcomes, such as the development of new crop varieties or the significant expansion of irrigation infrastructure in a region. As such, we treat these as pure "productivity shocks" in the GTAP Model. However, adverse productivity shocks can engender significant price rises, which is a finding of the paper, and these can provide an incentive to invest additional resources in the sector. This form of adaptation is endogenous to the model and is modeled through production functions which vary by crop and region and which allow substitution of labor, capital and purchased inputs for land in response to such climate induced scarcity.
Results and Discussion
Productivity shocks and price changes
Climate-induced yield shocks for this 30 year period for some key regions and crops are shown in Figure 2a . Maize and other coarse grains exhibit the largest potential negative outcome.
This reflects recent studies' finding of a low responsiveness of C 4 crops to increased CO 2 concentrations (Long et al., 2006 and high sensitivity to extreme heat in both temperate and tropical maize Lobell, 2009, Schlenker and , and is consistent with estimates of maize yield losses due to warming since 1980 (Lobell and Field, 2007) . Estimates of the impact of climate change on wheat and rice yields typically span zero across low-and high-productivity cases, and include the possibility of large yield gains in currently cold-limited wheat systems in regions such at the EU and Canada (see Supporting Information (SI)).
The estimated changes in global commodity prices from GTAP as a result of these shocks are quite small for the Central-Case for most commodities, although coarse grains prices are projected to increase by 15% (Figure 2b ). The average world price rise for all cereals rises is just 3.6% which is consistent with previous global projections of near-zero cereal price changes for approximately 1˚C of warming (Easterling et al., 2007) . However, the Low-Productivity and High-Productivity scenarios indicate the potential for large price impacts, with an average rise of 32% for cereals (and 63% for coarse grains) in the former case, and drop of 16% in the latter. As most previous studies focus only on the expected outcome, the magnitude of these lowerprobability but feasible outcomes are larger than anything previously reported.
Macro-economic Effects of Climate Change
Although agriculture represents only 2.4% of global GDP, its share is much larger in poor countries, with the agricultural sector representing >40% of the value-added for all goods and services in many poor countries. Given this important role of the farm sector in the broader economic performance of poor countries, the potential macro-economic effects of climate change on agricultural production are of immediate interest, and set the broad context for discussion of poverty impacts.
The regional welfare impacts of agricultural productivity shocks, expressed as a percentage of crop sector value-added, can be decomposed into three components, as illustrated in Figure 3 . The first (dark grey) component corresponds to the direct economic valuation of the estimated productivity shocks. For the Low Productivity scenario (Fig 3a) , this contribution is negative in all regions, reflecting the general worsening of crop production conditions worldwide, but with the severity varying widely across regions. Model projections suggest the highest percentage losses owing to the direct impact of climate change on crops in the SubSaharan Africa region, with relatively large losses also for the US and China.
Given the relatively inelastic demand for food throughout much of the world, such declines in production result in significant price increases for agricultural commodities as shown in Figure 2b . These price rises affect the second component of economic welfare, the terms of trade (ToT) for each country, with net exporting countries gaining from higher priced products while net importers of agricultural productions experience a deterioration in their ToT. The value of the ToT effect, expressed as a percentage of initial crops sector value-added, can be very important for nations that trade extensively in agricultural products. In Australia/ New Zealand and Brazil, for instance, aggregate gains from ToT shifts outweigh the losses due to the direct effect of climate change. Some of the African regions also show sizable ToT gains, although these are not large enough to offset the direct losses in the Low Productivity scenario.
The third and final component of regional welfare change is the change in economic efficiency, which captures the interaction between the impacts of climate change and existing food, agricultural and non-agricultural policies. To the extent that climate change causes global trade to shrink, and to the extent that global trade volumes are already lower than economically optimal due to the presence of tariffs, this will lead to an efficiency loss. As a result of declining trade volumes, we observe a negative welfare contribution from economic efficiency equal to 1.5% of global crops sector GDP under the Low Productivity Scenario. When added to the direct impact of climate change on the cropping economy, global welfare declines by $123 billion, or about 18% of global crops sector GDP under this pessimistic scenario.
In the Central Case scenario shown in Figure 3b , the direct effects of productivity change are mixed, with productivity rising for some commodities/regions and falling for others. As a consequence, the global valuation of the direct productivity impacts is close to zero (-0.5 % of crops GDP). The efficiency impact is also much smaller (just -0.4% of crops GDP), so the global loss is much smaller than in the Low Productivity Case. In the high productivity case (Figure 3c ), the direct effects of the productivity change are positive for all model regions, and world trade rises, thereby boosting the efficiency effect. The global gain in this case is +13% of crops GDP.
Poverty Effects of Climate Change
Rising world prices for staple commodities may result in a substantial reduction in real income -and an increase in poverty -for households spending a large share of their income on staple grains. However, the well-being of households depends not only on changes in the cost of living, but also on changes in earnings. Indeed, previous research on the effect of international trade reforms on poverty suggests that the earnings effects of commodity market changes can dominate the ensuing poverty impacts (Hertel and Winters, 2006) . Therefore decomposing these possible sources of changes is central to our analysis.
To identify the differential earnings impacts on different groups of poor households, we use household survey data for 15 developing countries in Africa, Asia and Latin America (Hertel et al., 2004) . Households in each country are stratified into seven groups based on their primary source of earnings (i.e. where they earn 95% of their income): Agricultural self-employed (farm income), Non-Agricultural (non-agricultural self-employment earnings), Urban Labor (urban household, wage labor income), Rural Labor (rural household, wage labor income), Transfer payment dependent, Urban Diverse, and Rural Diverse. The last two groupings absorb the households with non-specialized income sources, residing in the urban and rural areas, respectively. Figure 4 plots the median stratum-specific poverty impacts of the three climate scenarios against the average world price change for staple commodities under each scenario, decomposing the separate effects of cost-of-living changes and earnings changes. For present purposes, we adopt the World Bank definition of poverty headcount as the portion of a nation's population living on less than $1/day (Chien and Ravallion, 2001) . While world prices for staple grains rise by an average of more than 30% in the low productivity scenario, the average impact on the real cost of living at the poverty line is more modest -just 6.3% in our sample. There are several reasons for this: the rise in prices of consumers' food products is dampened by the role of other factors in the consumption goods (e.g., transport, marketing) the prices of which are little affected; consumers adjust their consumption bundle to account for the new pattern of prices;
and finally, staple grains are only one part of the total consumption bundle. Since all households in each region face the same prices and have the same preferences, the change in the estimated real cost of living at the poverty line is the same across strata for any given country.
The cost of living driven poverty change (Figure 4a ) is the product of the percentage change in the real cost of living at the poverty line and the stratum-specific elasticity of poverty with respect to real income derived from the survey data. Differences in the median impact of cost of living changes on poverty for different types of households are a result of differences in poverty elasticities across strata within each country. Poverty increases from changes in the cost of living are largest for the urban wage labor household stratum, where the stratum density around the poverty line is relatively high, while the transfer and agriculture-dependent households show the smallest change. In the case of the Central Case Productivity scenario, the median change in poverty is negligible, while in the High Productivity scenario, the lower world prices (Figure 2b ) result in a poverty reduction for all strata.
Effects on earnings (Figure 4b ) exhibit much greater dispersion in poverty impacts in the Low and High Productivity Scenarios. In the Low Productivity climate scenario, rising world commodity prices translates into increased returns to factors employed in agriculture. This is the well-known "magnification effect" from international trade (Jones, 1965) . Furthermore, unlike the cost of living effect, wherein all households are diversified (i.e. they consume both food and nonfood goods and services), many households are specialized on the earnings side (e.g. they may earn virtually all of their income from agriculture). Consequently, we see bigger swings in earnings for the specialized households than we saw in their cost of living, with a sharp increase in earnings and drop in the poverty rate for the agricultural self-employed households. On the other hand, poverty rises for the non-agricultural specialized households, the returns to which fall due to the decline in the relative price of non-agriculture commodities, compared to agriculture goods. The wage labor and diversified households show less of an earnings impact, as they are not subject to the magnification effect that applies to sector-specific earnings.
Figure 4b also reports the earnings-driven poverty impacts from the Medium-and HighProductivity climate scenarios. As with the cost of living effects, the Medium Productivity scenario shows little change in the poverty rates, on average. However, in the High Productivity case, earnings-driven poverty changes are quite sharp for the agricultural specialized households, as well as for the diversified households, many of which obtain a portion of their income from agriculture enterprises. This is true even in the case of urban diversified households, which may have recently moved to the city, or which may include members still active in agriculture.
Combining the cost of living and earnings impacts on poverty (Figure 4c ) indicates that the median poverty impacts on agricultural self-employed households are positively correlated with the Productivity Shock -with lower global productivity generating higher agricultural prices and reduced poverty amongst these households, as well as the diversified households. The opposite is true of the non-agricultural self-employed households as well as the transfer dependent households. Median poverty rises in all cases for the urban wage labor household group. The net change in national poverty depends on the contribution of each stratum to overall poverty, which is indicated by the area of each circle in Figure 4 . For example, the rural diversified and agriculture-dependent strata tend to contain a large share of the poor in our country sample, so these changes are particularly important. On the other hand, the urban wage labor households tend to contribute a much smaller share to national poverty.
The overall, and by-stratrum, poverty changes across all countries for the Low Productivity scenario ( Figure 5 ) illustrate that nearly all countries have some strata where poverty is increased and others where poverty is decreased. The exception is most African countries, where yield impacts of climate change are severe and no stratum experiences significant poverty reductions. At the other end of the spectrum, countries such as Indonesia and
Chile incur relatively small yield losses compared to other countries, and therefore higher world prices result in large poverty declines in the agricultural sector, leading to overall poverty reductions. Although eight out of 15 countries in Figure 5 exhibit poverty decreases, cumulative poverty in the sample increases by 2.7 M people for these 15 countries, or 1.8%, because countries with larger populations and more poor in our sample tend to be more negatively affected (e.g., Bangladesh). In the case of the high productivity scenario, poverty rises in all the countries where it fell under the low productivity scenario, and falls in four countries where it had risen under the low productivity case. In the central case, poverty changes in all countries are muted (not shown), as one would expect from the modest productivity and price changes.
Conclusions
This study presents four important lessons for scientists and policy makers concerned with poverty responses to climate change in the near term (by 2030). First, although previous global assessments have gravitated toward estimates of the most likely scenario, we find that global cereal price changes could be considerable at the tails of the distribution, with a 32% price increase for a low-productivity (high negative impact) scenario and a 16% price decline under a more optimistic yield scenario. Thus it is important to consider the full range of possibilities in designing policy responses, particularly given that these estimated potential price changes are well outside the range of changes predicted in the recent IPCC report for a similar level of warming.
Second, although most studies focus on aggregate yield or production impacts, these measures provide a relatively poor predictor of regional welfare impacts, because international trade is an important mediator between countries which are differentially affected by climate change shocks to agricultural productivity. Despite experiencing significant negative yield shocks, some countries (e.g., Brazil) stand to gain from higher commodity prices. Indeed, the rise in price more than offsets the adverse impact of lower agricultural productivity in some cases.
Third, yield changes are even poorer predictors of likely changes in national poverty, because earnings changes can be a more important driver of household poverty than the commodity price changes themselves. Furthermore, while climate change has a fairly consistent impact on the real cost of living at the poverty line, the impact on household earnings is quite varied. In regions where the bulk of the poor are self-employed in agriculture, higher global agricultural prices can boost factor returns in the sector, thereby reducing overall poverty. On the other hand, when poverty is dominated by wage earners and urban poverty, the opposite applies.
In short, understanding climate change impacts on poverty requires detailed empirical knowledge both of the pattern of agricultural productivity shocks as well as the patterns of trade, production, consumption and poverty in the countries in question.
Finally, if outcomes in either tail of the agricultural yield distributions are realized by 2030, the magnitude of the resulting poverty changes among some segments of the population in developing countries is potentially large. We focus particularly on the high price/low productivity scenario, in which case poverty in increases by as much as one-third in the urban labor (Malawi, Uganda and Zambia) and non-agricultural self-employed (Bangladesh) strata. In contrast, poverty falls sharply in the agricultural self-employed stratum in Chile, Indonesia, Philippines and Thailand as rising world prices more than compensate producers in these regions for their relatively modest losses in productivity. Given these potentially significant poverty impacts, reducing uncertainty in the estimated agricultural impacts of climate change is a high priority for future research as well as policy analysis aimed at targeting assistance to those most likely to be affected by climate change. 
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